1. Introduction {#sec1}
===============

Harvesting energy from light, vibrations, thermal and biological sources in our environment has drawn enormous attention owing to its potential of offering a fundamental energy solution for "small power" applications such as wireless electronics, wearable devices and biomedical implants.^[@ref1],[@ref2]^ Thermal energy harvesting has drawn considerable interest as there are several sources of heat in our environment, a major part of which is wasted, such as the heat from exhausts and radiators, industrial processes, or even that arising from the temperature difference between the human body and the ambient environment.^[@ref3]^ Thermoelectric generators (TEGs) can convert waste heat from the ambient environment into usable electricity, based on the principle of the Seebeck effect, which in turn can help to improve energy efficiency and reduce CO~2~ emissions of fossil fuel systems through waste heat recovery. In particular, there has been tremendous interest in the development of low-cost, flexible, and efficient thermoelectric devices for thermal energy harvesting to power wireless sensors, wearable technology gadgets, and extreme weather clothing from human body heat.^[@ref4]−[@ref8]^

The development of new thermoelectric materials remains a key challenge, particularly in light of the scarcity and toxicity of conventional inorganic thermoelectric materials. As of now, most well-established thermoelectric materials are typically metallic alloys, semiconductors, or metal oxides that are heavily doped.^[@ref9]−[@ref12]^ Among them, binary bulk chalcogenides such as bismuth telluride (Bi~2~Te~3~), antimony telluride (Sb~2~Te~3~), and their alloys have been reported as the best thermoelectric materials near room temperature, making them the preferred choice for most thermoelectric applications.^[@ref3],[@ref9]^ However, because of the scarcity, brittleness, and poor processability of these bulk chalcogenides,^[@ref13]^ their applications are largely limited particularly when it comes to integration into flexible and/or wearable devices.^[@ref4],[@ref5],[@ref7]^ Organic semiconductors, on the other hand, are particularly well suited for potentially low-cost and flexible thermoelectric applications, although their thermoelectric performance still lags behind their inorganic counterparts.^[@ref14]−[@ref16]^ Among the most recently reported thermoelectric polymers, p-type poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) was shown to exhibit the best thermoelectric properties as reported by Kim et al.^[@ref17]^ PEDOT:PSS is also one of the most well-researched and commercially used conducting polymers because of its good electrical conductivity (σ) and environmental stability.^[@ref18],[@ref19]^ Although its Seebeck coefficient (*S*) is relatively low compared with inorganic counterparts, and its applications are limited to a lower temperature (*T*) range,^[@ref13]^ it is relatively low-cost, light-weight, non-toxic, abundant, and easily processable with inherently low thermal conductivity (κ),^[@ref20]^ which is desirable to achieve a good thermoelectric figure-of-merit *ZT* defined as *S*^2^σ*T*/κ.^[@ref21]^ Importantly, PEDOT:PSS is suitable for large-area deposition or printing techniques that are associated with high-volume manufacturing of printed organic electronics.^[@ref22]−[@ref25]^

In this work, we investigate the effect of inclusion of nanoparticulate Bi~2~Te~3~ and Sb~2~Te~3~ on the thermoelectric properties of aerosol jet printed PEDOT:PSS-based inks. We show that this approach can be an effective way of enhancing both *S* and σ (and hence the power factor, PF = *S*^2^σ) in the organic--inorganic hybrid material thus formed. Furthermore, it has already been shown by both experimental and theoretical results that nanostructuring can be an effective approach to achieve much higher *ZT* values than can be achieved in the bulk,^[@ref4],[@ref26]−[@ref29]^ by splitting the interdependence of the electrical and thermal transport,^[@ref28]^ thereby tuning the contribution of thermal carriers (phonons) and charge carriers (electrons) in the system. Therefore, a novel hybrid organic--inorganic nanocomposite structure is beneficial because of the intrinsically low κ polymeric matrix,^[@ref19],[@ref30]^ as well as the introduced phonon-boundary scattering and the large thermal boundary resistance at the interfaces that can synergistically hinder thermal transport, thereby significantly lowering the κ of the nanocomposite.^[@ref23],[@ref30],[@ref31]^ In this work, inorganic nanoparticulate inks have been specifically developed through solvothermal synthesis of high-quality Bi~2~Te~3~ and Sb~2~Te~3~ nanocrystals, which were then combined with commercially available PEDOT:PSS to produce printed nanocomposite structures on flexible substrates.

Organic--inorganic nanocomposites have been previously studied; however, these have been predominantly in the form of thin films grown on rigid substrates,^[@ref6],[@ref27],[@ref32]−[@ref36]^ which are inappropriate for flexible, conformable, and/or wearable electronic applications. In this regard, large-area printing technologies, such as inkjet printing,^[@ref18],[@ref37],[@ref38]^ screen printing,^[@ref39]−[@ref41]^ dispenser printing or stereolithography,^[@ref42]−[@ref44]^ offer the scope for miniaturization of flexible thermoelectric nanocomposite devices for small-scale energy harvesting technologies.^[@ref45]−[@ref47]^ However, in this work, we used the aerosol jet printing (AJP) technique to print bespoke organic--inorganic nanocomposite inks as this technique possesses several advantages over other printing techniques. First, it is a promising scalable direct-write deposition technique for developing next generation printed flexible and/or stretchable micrometer-scale electronics. This is because it enables large-area deposition of fine-scale features from a wide range of functional inks onto various planar or nonplanar substrates. AJP supports a wide variety of commercially available electronic materials and custom formulations, such as conductive inks, polymers, and so forth.^[@ref48]^ Secondly, it involves a high-precision controlled deposition process with minimal loss of material, which is advantageous when dealing with small quantities of expensive materials. Finally, functional inks over a wide range of viscosities can be printed layer-by-layer onto both rigid and flexible substrates.^[@ref48]^

The AJP technique involves creating an "aerosol" of ink and using a carrier gas to propel this aerosol toward a substrate. The printer used in this work (Optomec AJP 200) supports two atomization methods via an ultrasonic atomizer (UA) and a pneumatic atomizer (PA) (see [Supporting Information S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b01456/suppl_file/am8b01456_si_001.pdf)), which are used to atomize the liquid-source ink into a dense aerosol mist composed of highly loaded droplets ranging from 1 to 5 μm in diameter. These droplets are transported within a N~2~ carrier gas and directly fed toward the deposition print head via aerodynamic focusing involving a sheath gas for printing features with controlled precision.^[@ref41]^ To realize printed organic--inorganic nanocomposites, we have developed a novel in situ mixing method where the organic and inorganic inks are separately atomized in the UA and PA, respectively, and the resulting aerosol mists are mixed uniformly en route to the nozzle prior to deposition onto a flexible polyimide substrate. The morphology and thermoelectric properties of the resulting printed structures have been studied as a function of the loading fraction of the inorganic component to identify the optimum composition for enhanced PF. Importantly, we directly demonstrate the suitability of the printed nanocomposite structures for applications in flexible thermoelectric energy harvesters, through a detailed study of how the relevant thermoelectric properties vary upon flexing to curvatures up to 300 m^--1^.

2. Results and Discussion {#sec2}
=========================

2.1. Solvothermal Synthesis of Bi~2~Te~3~ and Sb~2~Te~3~ Nanocrystals {#sec2.1}
---------------------------------------------------------------------

Bismuth telluride (Bi~2~Te~3~) and antimony telluride (Sb~2~Te~3~) nanocrystals were synthesized via a facile and scalable solvothermal synthesis process. This promising low-temperature approach has been shown to achieve high yield with good control on composition, phase purity, shape, and size distribution.^[@ref28],[@ref49]^ The ethylene glycol (EG) mediated solvothermal synthesis method adopted in this work involves a redox reaction between the bismuth nitrate, antimony acetate and sodium tellurite.^[@ref28]^ Additionally, no complex organic ligands or templates were used in this synthesis method to confine the nanocrystals into different shapes.^[@ref28]^ The synthesis process and the morphological and microstructural characterization are discussed comprehensively in the [Experimental Section](#sec4){ref-type="other"}.

Scanning electron microscopy (SEM) images shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a,b revealed a spherical nanoparticle form of the as-synthesized Bi~2~Te~3~ with an average particle size of ∼129 nm and a size distribution of ±49 nm, while Sb~2~Te~3~ nanocrystals were found to be randomly oriented in thin flake form with an average lateral diameter of ∼534 nm and a size distribution of ±281 nm. The flake-like structure is commonly observed in Sb~2~Te~3~ because of its inherent anisotropic and layered crystal structure.^[@ref28]^ Energy dispersive X-ray (EDX) analysis on these synthesized nanocrystals showed the actual "Bi" and "Te" atomic concentration in the Bi~2~Te~3~ sample to be 41.1% and 58.9%, respectively, and the actual "Sb" and "Te" atomic concentration in the Sb~2~Te~3~ sample to be 39.6% and 60.4%, as tabulated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c,d. By controlling the Bi/Te and Sb/Te ratio in the precursor solution, the synthesized composition can be adjusted. If Bi~2~Te~3~/Sb~2~Te~3~ were to be Bi-rich/Sb-rich or Te-deficient, the Bi/Sb would contribute to more hole carriers (h^+^) and exhibit p-type properties or vice versa.^[@ref28]^ Our synthesized Bi~2~Te~3~ exhibited slightly higher "Bi" at % than the stoichiometric amount, leading to Bi-rich material that is hole carrier dominated, while the Sb~2~Te~3~ was nearly stoichiometric.

![SEM images of solvothermal-synthesized (a) Bi~2~Te~3~ nanoparticles and (b) Sb~2~Te~3~ nanoflakes. EDX compositional analysis of (c) Bi~2~Te~3~ nanoparticles and (d) Sb~2~Te~3~ nanoflakes.](am-2018-014563_0001){#fig1}

X-ray diffractometry (XRD) studies presented in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b showed that (015) was the sharpest and most intense diffraction plane for both Bi~2~Te~3~ and Sb~2~Te~3~ as expected, with no detectable impurity peaks, indicating that a good crystalline quality was obtained. The Bi~2~Te~3~ and Sb~2~Te~3~ XRD spectra were both indexed with rhombohedral symmetry (space group *R*3̅*m*) and indicated an average crystallite size of ∼201 (±53) nm ∼479 (±59) nm, respectively, as calculated by the Debye--Scherrer equation.^[@ref50]^ These calculated crystallite sizes were within reasonable agreement with the average particle sizes estimated from the SEM images. The crystal structure of the as-prepared Bi~2~Te~3~ and Sb~2~Te~3~ nanocrystals were investigated by high-resolution transmission electron microscopy (HRTEM) shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c--f. The polycrystalline nature of Bi~2~Te~3~ nanoparticles ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c) was revealed by the discontinuous lattice fringes oriented in the same direction in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e. The *d*-spacing of 0.33 nm was in good agreement with the (015) interplaner spacing of Bi~2~Te~3~. Hexagonal-shaped Sb~2~Te~3~ nanocrystals ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d) showed more continuous lattice fringes as compared to Bi~2~Te~3~ nanoparticles. The lattice fringe spacing of 0.32 nm was also in agreement with (015) interplanar spacing in hexagonal Sb~2~Te~3~ (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}f).

![XRD results of solvothermal-synthesized (a) Bi~2~Te~3~ nanoparticles and (b) Sb~2~Te~3~ nanoflakes. TEM analysis of (c) Bi~2~Te~3~ nanoparticle and (d) Sb~2~Te~3~ nanoflake, and the lattice fringe patterns of (e) Bi~2~Te~3~ nanoparticle and (f) Sb~2~Te~3~ nanoflake, respectively.](am-2018-014563_0002){#fig2}

2.2. Characterization and Measurement of Printed PEDOT:PSS-Based Nanocomposites {#sec2.2}
-------------------------------------------------------------------------------

Organic--inorganic nanocomposites comprising commercially available PEDOT:PSS and solvothermal-synthesized Bi~2~Te~3~/Sb~2~Te~3~ nanocrystals were directly printed onto a flexible polyimide sheet via the AJP method. The detailed fabrication method is discussed in the [Experimental Section](#sec4){ref-type="other"} and [Supporting Information S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b01456/suppl_file/am8b01456_si_001.pdf), where a novel in situ mixing method was applied for better control of the mixing between the organic polymer ink and inorganic nanoparticulate ink, as illustrated schematically in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a. The flexibility and robustness of the printed nanocomposite were realized by using a novel oscillatory geometrical architecture as shown in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b01456/suppl_file/am8b01456_si_001.pdf), while the polyimide substrate provided both flexibility and stability at temperatures up to 400 °C.

![(a) Schematic of the novel in situ mixing method for nanocomposite printing by AJP. SEM images of five-layer printed PEDOT:PSS-based nanocomposites loaded with (b) 50 wt % (nominal) Bi~2~Te~3~ nanoparticles and (c) 85 wt % (nominal) Sb~2~Te~3~ nanoflakes, where the enlarged images show details of their morphology and microstructure.](am-2018-014563_0003){#fig3}

To start with, preliminary experiments were conducted to investigate the influence of different surface treatments, namely H~2~SO~4~, EG, and dimethyl sulfoxide, on the as-printed pristine PEDOT:PSS structures as discussed in [Supporting Information S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b01456/suppl_file/am8b01456_si_001.pdf). In the literature, various surface treatments have been conducted to de-dope the insulating PSS molecules from the conducting PEDOT chains, to form better electrical contacts between neighboring PEDOT chains.^[@ref17],[@ref51]−[@ref53]^ Separately, it was found that denser and more uniform nanocomposite structures with fewer noticeable pores or cracks on the surface were obtained with increasing number of printed layers, leading to homogeneous printed structures of thicknesses ranging between 1 and 2 μm and widths ranging between 150 and 180 μm, depending on the composition ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b,c and [S6](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b01456/suppl_file/am8b01456_si_001.pdf)). In our case, it was found that EG-treated samples with five-layer printing exhibited the highest σ and PF (see [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b01456/suppl_file/am8b01456_si_001.pdf)). Hence, EG was chosen for all subsequent surface treatment of printed structures that were realized through five-layer printing of the nanocomposites, where Bi~2~Te~3~/Sb~2~Te~3~ nanocrystals were introduced in a controlled fashion by varying the loading weight fraction during the in situ mixing stage of the AJP process. The printing quality and morphology of the PEDOT:PSS-based nanocomposites are discussed in more detail in [Supporting Information S3 and S4](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b01456/suppl_file/am8b01456_si_001.pdf).

Although the PEDOT:PSS polymer has relatively lower *S* compared with their inorganic counterparts, the overall PF of a composite comprising the two can be modified by varying the loading ratio between the organic and the inorganic components to overcome the limitations of the constituent materials.^[@ref6],[@ref23],[@ref54]^ With the aid of the in situ mixing method ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a and [S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b01456/suppl_file/am8b01456_si_001.pdf)), different loading weight percentage (wt %) of solvothermal-synthesized Bi~2~Te~3~ nanoparticles and Sb~2~Te~3~ nanoflakes, from 0 to 100 wt % (nominal), were, respectively, blended within the PEDOT:PSS matrix to investigate the effect of nanoparticle loading ratio on the thermoelectric properties of printed PEDOT:PSS-based nanocomposites. The morphology of two representative printed nanocomposite structures are shown in the SEM images in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b,c, showing uniformly distributed and embedded Bi~2~Te~3~ and Sb~2~Te~3~ nanocrystals, respectively, within the PEDOT:PSS polymer matrix. The nanocomposites exhibited a close-packed microstructure and a 3D conducting network with little clumping and improved mechanical strength, which was consistent across all different compositions studied ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b01456/suppl_file/am8b01456_si_001.pdf)).

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a--c compares the thermoelectric properties of different printed PEDOT:PSS-based nanocomposites (both treated with EG and nontreated) as measured using a bespoke thermoelectric experimental setup described in the [Experimental Section](#sec4){ref-type="other"} and [Supporting Information S5](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b01456/suppl_file/am8b01456_si_001.pdf). It can be seen that in all cases, surface treatment with EG on PEDOT:PSS-based nanocomposites improved σ in particular and was thus essential to enhance the thermoelectric properties. It was found that overall, *S* values increased with increasing loading ratio of Bi~2~Te~3~ and Sb~2~Te~3~, while σ slightly decreased on average, which might be attributed to the contact resistance from the interfaces between PEDOT:PSS and Bi~2~Te~3~ or Sb~2~Te~3~ nanocrystals. If both components are either n- or p-type, they work synergistically to enhance the σ. However, if both components present opposing carrier types, the final thermoelectric performance of the nanocomposite would depend on the relative ratio of the constituents.^[@ref6],[@ref23]^ The *S* of Bi~2~Te~3~-loaded nanocomposite largely increased with the increasing loading ratio and peaked at ∼36.6 μV/K compared with the pristine PEDOT:PSS film with *S* of ∼17.1 μV/K, which confirmed that the solvothermal-synthesized Bi~2~Te~3~ nanoparticles exhibited p-type behavior that matched with the EDX result in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c. It should be mentioned that the *S* of the printed pristine PEDOT:PSS film here was relatively lower than the reported values in the literature,^[@ref17]^ which might be due to the use of a different commercial supplier, as discussed in [Supporting Information S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b01456/suppl_file/am8b01456_si_001.pdf). From our measurements, the fact that σ of these nanocomposites slightly decreased with increasing loading wt % while *S* was largely enhanced and remained at relatively high level suggests that *S* and σ could be decoupled to maximize the final PF. The actual variation of σ with composition is in reality more complex. For low loading wt %, the introduction of organic--inorganic interfaces led to a decrease in σ, however, with increasing loading wt %, the aggregation of the inorganic nanocrystals into a continuous 3D conducting network initially led to a slight increase in σ, but continued aggregation led to a higher proportion of loaded particles not electrically connected by the PEDOT:PSS matrix, thus leading to a drop in σ at the highest loading wt %. The trend of this variation is slightly different for Bi~2~Te~3~-based and Sb~2~Te~3~-based nanocomposites because of the inherently different nanocrystal sizes and morphologies (nanoparticles vs nanoflakes) giving rise to different aggregation characteristics.

![(a) Seebeck coefficient, (b) electrical conductivity, and (c) PF of nontreated and EG-treated five-layer printed PEDOT:PSS-based nanocomposites loaded with different wt % of Bi~2~Te~3~ nanoparticles and Sb~2~Te~3~ nanoflakes, respectively. Error bars indicate the standard deviation of the measured values of two separate printed structures with the same loading ratio.](am-2018-014563_0004){#fig4}

In general, it was found that our printed nanocomposites were stable under ambient conditions over several weeks of testing. The best thermoelectric performance of the printed p-type PEDOT:PSS-based nanocomposites was achieved at 85 wt % Sb~2~Te~3~, with *S* of ∼33.8 μV/K, σ of ∼247.3 S/cm, and PF of ∼28.3 μW/mK^2^, which is comparable to what has been reported in the literature.^[@ref22],[@ref23],[@ref55]−[@ref57]^ The 100 wt % samples refer to aqueous dispersions of Bi~2~Te~3~ or Sb~2~Te~3~ printed onto the substrate without the presence of the PEDOT:PSS matrix. The thermoelectric properties of these samples were found to be far inferior to the printed nanocomposites because of the relatively poor connectivity between the nanoparticles in the absence of PEDOT:PSS. The connectivity could have been improved by sintering at elevated temperature, but this was avoided because of the presence of the plastic substrate. Additionally, we performed finite element modeling (COMSOL Multiphysics) to simulate the effect of an imposed temperature gradient across the printed thermoelectric nanocomposite which yielded a good match with the experimental measurement discussed in the [Supporting Information S6](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b01456/suppl_file/am8b01456_si_001.pdf), as shown in Figure S8.

2.3. Flexibility Measurement of Printed PEDOT:PSS-Based Nanocomposites {#sec2.3}
----------------------------------------------------------------------

Thus far, considerable research has been conducted toward the enhancement of PF or *ZT* values in existing classes of thermoelectric materials,^[@ref17],[@ref21],[@ref31],[@ref58],[@ref59]^ but the mechanical properties and flexibility of these materials when incorporated into thermoelectric devices modules are severely under-represented in the literature. To address this issue, we devised a simple manual bending test on our printed PEDOT:PSS-based nanocomposite structures to assess their thermoelectric properties under various degrees of curvature, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a--c. An excellent conformability of the printed nanocomposite was observed, and they retained their original shape and smooth surface without forming any visible cracks or deformations after several hand-bending tests, and their electrical properties remained nearly the same throughout. Further rigorous flexing tests were subsequently conducted on these printed nanocomposites to estimate their operation range. The samples were bent by being mounted on different surfaces having different curvatures, such as a beaker, test tube, pen, and so forth, and room temperature electrical resistance was measured simultaneously. The ratio of flat-to-flexed resistance was plotted as a function of curvature, and the nanocomposites with relatively higher PF values were selectively compared. The effect of flexing on *S* was also determined by measuring this before and after flexing, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d. Electrical resistance was selected here as the criterion to evaluate the film flexibility, as this is expectedly sensitive to any cracks or voids that may be introduced during the flexing test.^[@ref48]^ As the curvature increased, the electrical resistance of the nanocomposites slightly increased and then remained relatively stable under very high curvature, indicating their superior flexibility. However, for all samples that were flex-tested, their electrical resistance values did not come back to their original points after release, which may be due to the formation of disconnections (possibly in the form of cracks) within the nanocomposite. The *S*/*S*~0~ ratio only decreased slightly after being flexed to very high curvatures (up to 300 m^--1^), which also confirmed the excellent flexibility and mechanical strength of these printed nanocomposites. The overall PF of the best-performing nanocomposite structure was found to reduce by half, which meant the device was still useable as a TEG. These flexing results suggest that our novel nanocomposite design structure, comprising fine-grained nanocrystals within a ductile thermoelectric polymer serving as a protective matrix, can offer greater mechanical support and protection, whilst maintaining relatively good electrical conductivity between the nanocrystals. These printed nanocomposites are therefore more flexible and robust than their bulk counterparts which are normally produced by the directional solidification process.^[@ref29],[@ref60]^ Notably, our in situ mixing method required only small amounts of organic and inorganic constituent materials because of the nature of AJP being an additive-manufacturing technique. The final nanocomposites could be directly incorporated into thermoelectric applications with minimal post-processing treatment. We demonstrated this by designing a simple printed and flexible TEG, as discussed in [Supporting Information S7](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b01456/suppl_file/am8b01456_si_001.pdf) and shown in Figure S9, that could be used as a flexible "thermoelectric coaster" to convert the temperature difference between a can of hot/cold liquid and the ambient environment into electricity.

![Photograph of the thermoelectric nanocomposite printed onto a flexible polyimide sheet, bent to different degrees: (a) flat, (b) lower degree, and (c) higher degree. (d) Flexing test on the printed PEDOT:PSS-based nanocomposites with different loading ratios of Bi~2~Te~3~ and Sb~2~Te~3~, where the ratio of flat-to-flexed resistance was plotted as a function of curvature and the ratio of flat-to-flexed Seebeck coefficient as a function of the loading ratio, respectively. Inset: the sample being subjected to a curvature of 190 m^--1^.](am-2018-014563_0005){#fig5}

3. Conclusion {#sec3}
=============

In summary, a versatile, cost-effective and easily scalable AJP technique for depositing p-type PEDOT:PSS-based nanocomposites onto flexible substrates has been successfully developed with the combination of our in-house simple, high-yield and highly scalable solvothermal synthesis method for Bi~2~Te~3~ nanoparticle and Sb~2~Te~3~ nanoflake synthesis. This low-temperature solution-based synthesis approach allowed good control of size and shape at the nanoscale, and thus enabled better control and enhancement of thermoelectric properties of the resulting PEDOT:PSS-based nanocomposites. Different weight percentages of solvothermal-synthesized nanostructured Bi~2~Te~3~ and Sb~2~Te~3~ particles with high *S* and high σ were integrated with the low κ conducting polymers PEDOT:PSS, for printing thermoelectric nanocomposites onto a cheap and flexible polyimide sheet via AJP method. The PEDOT:PSS-based nanocomposites loaded nominally with 85 wt % Sb~2~Te~3~ nanoflakes exhibited the best thermoelectric performance (*S* ≈ 33.8 μV/K, σ ≈ 247.3 S/cm and PF ≈ 28.3 μW/mK^2^) as well as excellent mechanical properties. The flexibility of the as-printed nanocomposite structures was rigorously tested and showed stable and robust performance upon repeated flexing. The demonstration of flexibility enables broader applications of these printed organic--inorganic nanocomposites, particularly for wearable electronic device applications.

4. Experimental Section {#sec4}
=======================

4.1. Synthesis of Thermoelectric Nanomaterials {#sec4.1}
----------------------------------------------

Bismuth nitrate pentahydrate (0.25 mmol, Bi(NO~3~)~3~·5H~2~O, 98.0%, Sigma-Aldrich) was first dissolved in 1 mL of acetic acid (99.7%, Sigma-Aldrich). Then, 9 mL of EG (99.8%, Sigma-Aldrich) was added as a reducing agent and capping agent to form a protective layer around the particle surfaces and inhibit the particle growth and agglomeration.^[@ref28],[@ref49]^ After stirring for 10 min, 0.375 mmol of sodium tellurite (Na~2~TeO~3~, 99%, Sigma-Aldrich) was added as the "Te" source, and stirred for 30 min for homogeneity. Finally, when all added powders were completely dissolved, 5 mL of hydrazine hydrate (N~2~H~4~·H~2~O, 50--60%, Sigma-Aldrich) was added as a reducing reagent to reduce the sodium tellurite and also prevent the surface oxidation of synthesized nanocrystals.^[@ref28]^ (Note that hydrazine is highly corrosive and toxic, and easily oxidized. Adequate safety precautions were taken during its handling.) The final mixed solution was sealed within the autoclave (Shanghai Kankun Instrument, 25 mL), and the reaction was then performed at 175 °C for 12 h in an oven (Thermo Scientific). For the Sb~2~Te~3~ synthesis, the same procedure was followed except for the antimony acetate (C~6~H~9~O~6~Sb, 99.99%, Sigma-Aldrich) was used as the "Sb" source, and all reactions were carried out under the same conditions. It should be noted that all chemical reagents used here were of analytical grade and used as received without further purification. After synthesis, the obtained nanocrystals were subsequently rinsed by DI water and ethanol, and then collected by centrifugation. Between each washing, they were treated within an ultrasonic bath to thoroughly clean the nanocrystals. By doing these, the unreacted chemicals and the solvent that remained on the surface were cleaned and removed. Finally, the nanocrystals were dried in a vacuum desiccator for overnight, which provided a nonoxidizing atmosphere to prevent the oxidation of metallic alloys.

4.2. Fabrication of Flexible PEDOT:PSS-Based Thermoelectric Nanocomposites {#sec4.2}
--------------------------------------------------------------------------

An Optomec Aerosol Jet Printer 200 System equipped with a high-resolution camera has been used in our laboratory.^[@ref48]^ For the printable ink of UA, the commercially available PEDOT:PSS suspension (1 wt %, Heraeus Clevios PH1000) was used with the addition of 5 wt % EG was also added to improve σ of PEDOT:PSS.^[@ref17],[@ref61],[@ref62]^ For the ink of PA, the solvothermal-synthesized Bi~2~Te~3~ and Sb~2~Te~3~ nanocrystals were blended within water with the weight percentage of 1 and 10 wt %, respectively, and then constantly stirred during printing to ensure the suspension form. During the AJP process, different values of atomization flow rate were applied to obtain different loading ratios of Bi~2~Te~3~ or Sb~2~Te~3~ nanocrystals. Because of the low melting point of PEDOT:PSS polymer and the low oxidation temperature of chalcogenides metallic alloys, the printed thermoelectric nanocomposites were oven-cured at 130 °C for 30 min to remove water and other organic solvents. Finally, the printed PEDOT:PSS-based samples were surface-treated by dipping within a de-doping agent EG for 2 h submersion at 80 °C to improve their final *S* and σ. The treated samples were rinsed thoroughly by dipping within DI water for a few minutes to remove the residual EG solvent as well as the de-doped PSS particles remaining on the surface, followed by gentle blow-drying with dry nitrogen gas.^[@ref17],[@ref57]^

4.3. Characterization of Thermoelectric Nanomaterials and Nanocomposites {#sec4.3}
------------------------------------------------------------------------

To visualize the morphology and microstructure of synthesized thermoelectric particles and to measure the dimensions of printed thermoelectric nanocomposites, the obtained particles and nanocomposites were coated with platinum by sputter-coating (K575 Sputter Coater) to form a thin electrically conducting film of platinum to minimize the charging effect during SEM imaging. Field-emission SEM (FEI Nova NanoSEM 450), operating at an accelerating voltage of 10 kV and equipped with an energy dispersive X-ray spectroscopy (EDX, Bruker XFlash 6100), was performed on the nanocrystals and nanocomposite samples to investigate their dimensional, morphological, and compositional properties. The EDX analysis was also conducted on the synthesized thermoelectric particles to investigate their stoichiometry and homogeneity of chemical composition at an accelerating voltage of 15 kV and spot size of 4. The crystallinity, crystallite size, orientation, and phase purity of synthesized thermoelectric particles were investigated using XRD studies. The powder samples were attached flat onto a zero-diffraction silicon sample holder, and then the XRD analysis was performed on a powder X-ray diffractometer (Bruker D8 ADVANCE) with a Cu Kα X-ray tube (λ = 1.5406 Å), diffraction angle (θ, 20° \< 2θ \< 80°), and a step size of 0.05° at the room temperature. The obtained intensity-2θ spectra were analyzed with the aid of HighScore Plus software (version 4.1), and the average crystallite size was then calculated by the Debye--Scherrer Equation.^[@ref50]^ The crystallinity of nanoparticles and nanoflakes was confirmed using HRTEM (FEI Tecnai F20). HRTEM samples were prepared by first dispersing the synthesized powders into ethanol by ultrasonic treatment for 1 min to obtain a uniform dispersion, and then drop-casting 2--5 drops of the suspension onto the 300-mesh carbon-coated copper TEM grids. The TEM grids were air-dried under ambient conditions. The HRTEM images were obtained at an accelerating voltage of 200 kV. The line width of printed lines was quickly measured via a table-top SEM (Hitachi TM3000), while the thickness and line profile were measured by a stylus profilometer (Veeco DEKTAK). To obtain more precise results, at least three repeated measurements were conducted on each sample to take the average.

4.4. Thermoelectric Measurement of Printed Thermoelectric Nanocomposites {#sec4.4}
------------------------------------------------------------------------

An in-house measurement setup, discussed in detail in [Supporting Information S5](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b01456/suppl_file/am8b01456_si_001.pdf) and Figure S7a--c, was developed for the simultaneous measurement of the in-plane Seebeck coefficient and electrical conductivity by a dynamic method. Briefly, silver electrodes were hand-deposited onto both edges of the printed thermoelectric patterns so as to have a better electrical and thermal contact with the Seebeck probes (copper wires) and thermometers (Pt-100 resistance thermometers). The samples were then placed between two temperature-controlled Peltier modules to create a temperature difference in between (−60 to +60 °C). At the same time, the sample resistance and the generated Seebeck voltage were continuously recorded by our custom-designed semiautomatic data acquisition system with the combination of four-point probe measurement method to reduce the measurement error. Finally, the Seebeck coefficient was calculated by analyzing the linear regression slope of the Δ*V*--Δ*T* curve as demonstrated in [Figure S7d](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b01456/suppl_file/am8b01456_si_001.pdf).

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsami.8b01456](http://pubs.acs.org/doi/abs/10.1021/acsami.8b01456).Detailed description of the fabrication of flexible PEDOT:PSS-based thermoelectric nanocomposites; effect of surface treatment on the thermoelectric properties of printed PEDOT:PSS films; printed PEDOT:PSS-based nanocomposite quality comparison; structure and morphology of printed PEDOT:PSS-based nanocomposites; measurement of thermoelectric properties of the flexible nanocomposites; finite element modeling of thermoelectric nanocomposites; and fabrication and testing of flexible TEGs ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsami.8b01456/suppl_file/am8b01456_si_001.pdf))
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